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Abstract 
Proper joining of aluminum to carbon fiber reinforced plastics is one of the challenges in hybrid designs. With the 
objective to minimize or avoid some of the disadvantages of manufacturing technologies used today, like cut fibers or 
adhesion uncertainty, and to fulfill requirements for enhanced lightweight designs, novel transition structures are needed. 
Considering several manufacturing techniques, novel and integral joint concepts are researched. 
Three concepts are analyzed which consist of different materials (titanium and titanium-alloys, glass fiber), manufacturing 
methods (casting, welding, textile techniques) and geometries. The numerical methods and results for one of these 
concepts are presented in this work.  
Within the concept, various phase boundaries and materials have to be studied, which have effects on the structural 
behavior and failure. First, volume models are generated on a meso scale and two failure models are developed. These 
concern the debonding between epoxy matrix and included joint-components as well as bulk material failure. Both failure 
models are based on damage mechanics and include progressive damage that allows computation of fracture initiation and 
propagation. Simulations are carried out for testing routines in order to gain further understanding of fracture behavior. 
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1. Introduction
While fiber reinforced plastics (FRP) have a high potential for lightweight, especially in stiffness and
strength, metallic lightweight materials exhibit a high impact resistance as well as a high temperature and wear
resistance, accompanied by a significantly easier processability and lower material costs.
To exploit the potential of these different materials within a construction, lightweight structures are
developing increasingly towards multi-material designs [Hirsch and Laukli]. Today those materials are joined 
conventionally by riveting [Shyha et al.] or adhesive bonding [Rhee and Yang] or in combination [Kolesnikov
et al.] what usually lead to a weakened region in the load path and/or a bulky design. To realize integral and
thus lighter and slimmer designs, improved or new concepts and techniques are required, which are currently 
under investigation in the researcher group "Schwarz-Silber" (FOR1224) at the University of Bremen and the 
University of Applied Sciences Bremen supported by the German Research Foundation (DFG) [Schimanski et 
al.]. The research work is performed in collaboration with the Faserinstitut Bremen (FIBRE) for the textile
technology, the Bremer Institut für angewandte Strahltechnik (BIAS) for the welding process, the Fraunhofer 
Institute for Manufacturing Technology and Advanced Materials (IFAM) for casting and surface coating
technology. Finally, the Stiftung Institut für Werkstofftechnik (IWT) is responsible for testing and the failure
characterization.
As part of the research program, three different concepts of transition structures between Carbon Fiber
Reinforces Plastics and aluminum are considered. These include transition structures with either a wire, foil or 
fiber dominance (Fig. 1).
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Fig. 1. Currently investigated designs - wire concept, foil concept, fiber concept (from left)
The aim of the collaborative project of the Bremen Institute for Mechanical Engineering (bime) and the 
University of Applied Sciences Bremen is to adopt, develop and test failure models, which describe the failure
behavior of the various connection zones. The present work deals with the computational methods for the 
description of the fracture behavior of the wire concept.
2. Wire concept
Within the wire concept, there are numerous interfaces that result from the geometry, materials and 
manufacturing processes. (Fig. 2 left) These interfaces might have a great impact on fracture behavior, 
stiffness and strength of the transition structure. In Fig. 2 (right) the results for the variation of the two metal 
epoxy interfaces between frictionless contact and tie (rigid connection) are depicted. It is visible that tied
surfaces increase the stiffness of the transition region dramatically. Large deformations and especially
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metallic plasticity (Al, Ti) lead to the depicted nonlinear behavior. Taking this into account it seems, that 
more frictionless contact pairs result in higher loading of the compounds. 
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Fig. 2. Wire concept with interfaces (left), influence of metal-epoxy interface properties on load bearing behavior (right)  
Another nature of the investigated wire concept is the variety of the materials used. These exhibit strong 
differences in their fracture characteristics, e.g., fracture strain that spreads from 3 to more than 15 percent, 
and elastic properties, e.g., with a range from 3 to 150 GPa.  
The two mentioned problems, namely material and interface fracture need proper models for reasonable 
global modeling. 
3. Modeling Issues 
3.1. Interface 
To describe the interfacial behavior by using FE-methods, a surface-based damage model is used. Here, the 
interfacial nodes and element faces between two materials, e.g., epoxy and metal, interact with each other 
according to a traction (t) separation (u) approach. (Eq. (1.1)) By degradation (d) of the stiffness matrix (K), 
the debonding and separation behavior of the two materials can be described, similar to the cohesive zone 
model proposed by Alfano and Crisfield for interface elements and is used for bonding modeling by 
Naghipour et al.. 
(1 )t d K u  (1.1) 
Failure occurs when a component of the displacements (un, ut, us) exceeds the prescribed limit (umax): 
max max ; ;n t su u u u  (1.2) 
After failure initiation the degradation variable d rises linearly up to a value of 1, meaning complete 
debonding of the two contact partners. (Eq. (1.3)) 
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The result is a bilinear behavior of the interface where the failure can be described by the two parameters 
u0 that marks failure initiation and uf what means complete fracture. According to Alfano and Crisfield and the 
research of Elices et al. the surface below the bilinear curve is equal to the critical energy release Rate GC.  
3.2. Material 
In preliminary experiments global failure was accompanied by cracking of the resin rich zones. Therefore, 
a material subroutine was developed in ABAQUS, which computes damage initiation and the progressive 
failure of the material. 
Studies of Fiedler et al. show that strength of polymers depends on the hydrostatic stress state. Therefore, a 
parabolically modified von Mises criterion is used as the failure hypothesis, which includes the influence of 
the hydrostatic stress state on the material failure: 
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Besides the principal stresses ( i), an additional material property m appears which indicates the ratio of 
compressive to tensile strength. For the epoxy resins used in the research group this is known from literature 
to be about 1.35 to 1.5. 
For the numerical implementation it is necessary that the criterion above is expressed as a function of 
strains (  - tensor), leading to Eq. (1.5). 
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Where ijdev is the deviatoric strain tensor and G and K denote further material properties, namely Shear 
modulus and Bulk modulus. When the equivalent stress reaches or exceeds the tensile strength, a linear 
degradation of material properties evolves according to Eq. (1.3). The outcome is a bilinear material behavior 
that is in good agreement with the real behavior of the epoxy resins used, which virtually  
non-linear deformation. 
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4. Results
4.1. Wire roving transition zone
In order to get further understanding of the different transition zones, some simplified structures consisting
of only few materials are investigated. These emulate certain regions of the link structure and allow the
analysis of the interactions between the involved materials and their interfaces without disturbances from 
other components that prevent further comprehension. In the wire roving transition zone depicted in Fig. 3 the
aluminum phase is omitted. This is accompanied by less non-linearities and a more homogenous load
introduction that enables the analysis of the fracture interaction of titanium wire, epoxy and carbon fiber
roving and its interfaces.
Fig. 3. Front and side view of the simplified partial link
As shown in Fig. 4 (left) both phenomena, debonding and bulk material failure, take place in experiment. 
The observed failure characteristics are a large rupture perpendicular to the load direction with further cracks
following the wire geometry and quite large debonded areas symmetric at the top of both legs of the wire.
                      
Fig. 4. Results for simplified partial link experiment (left), simulation - damage variable | sdv3 - (right)
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In the simulation Fig. 4 (right), it can be observed that at location A, the point where the three materials
meet (carbon fiber, titanium and epoxy), debonding begins and spreads radially. After quite large debonding,
which -displacement diagram at all, material failure begins in location B and heads
right to the centre or symmetry plane of the cell. This is accompanied by a sharp drop in the load-
displacement diagram. The fact, that only a small fractured area has such an impact on the load bearing 
behavior leads to the conclusion, that the crack growth observed in the experiment is unstable. This also
shows that the epoxy is an essential component with a load bearing task and has major influence on the 
overall structure. Besides, further material failure (location C) occurs where cracks were also found in
experiment.
4.2. Double row transition structure
Encouraged by the results from investigations on the wire roving transition zone the two developed 
routines are used to analyze the whole transition structure. In contrast to the experiments only small volumes
can be simulated due to computational effort. This leads to the minimum required region indicated in Fig. 5
(left) that exploits the periodicity of the problem.
              
Fig. 5. Exemplary connection after tensile test and indicated simulated region (left), result of simulation - damage variable | sdv3 - (right) 
The result of the simulation is shown in Fig. 5 (right). The overall failure shows tendencies similar to the
experiment. Failure starts at the cross-way of the two wires (location B) but remains quite local. Thereafter,
two other (symmetric) regions begin to fail, right underneath each of the two carbon fiber rovings
(location A and C). Each of these failing regions undergoes a damage process comparable to the result from 
the wire roving transition zone. This is attended by a sudden drop in the load-displacement diagram. The two 
fronts of the second failed region head from the outer borders into the center and result in a failed plane
perpendicular to the load direction. In the experiment the crack also has a planar formation perpendicular to
the load, but is located at the height of the cross-way of the two titanium wires (location D) that is about one 
millimeter below the simulated result. This deviation can be explained by:
Mesh (size and type) dependency of the routine is tested on uniaxial specimen. Within the structure there is
a three dimensional stress state, that is probably not covered correctly.
The curing process in combination with highly different expansion coefficients induce a stress state that is
not quantified until now, but known to be present from photo elasticity studies. The characteristic of this
stress state probably changes failure behavior.
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5. Conclusion and Outlook 
Fracture of hybrid transition structures is accompanied or even dominated by two phenomena. These are 
debonding of metal-epoxy interfaces and bulk material failure of the epoxy. In the present work two models 
with damage initiation and propagation are proposed and tested. Together they produce results with good 
qualitative agreement with experiments. From these simulations we gain more understanding of certain 
fracture relations. Major outcome is: 
 The epoxy is an essential component and has major influence on the overall structure. Fracture of epoxy 
causes global failure of the transition structure. 
 To gain independency from epoxy properties and failure, the volume fraction of titanium needs to be raised 
(dramatically). 
 Interface behavior influences fracture appearance but not the fracture itself. Debonding cannot be seen 
from load-displacement curves in full structure or reduced region investigations. 
Some explanation for the observed differences between simulation and experiment is possibly a yet 
unknown and disadvantageous stress state resulting from curing process or the existence of manufacturing 
influences that cannot be captured within the simulations. 
Although quantitative validation could not be done until now, due to a lack of experimental validations of 
material properties, reasonable results could be produced. Nevertheless the actual state of the models 
improves the understanding of fracture behavior and helps to improve it. 
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